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PREDICTION AN’)DESIGN 01 FIRST SUPER-STRONG MOSTLY-RIGID POLYMERS
FROM VERY MOLECULAR THEORIES FOR SMECTIC AND NEMATIC POLYMERS

I

F. DOWELL
Theoretical Diviscn, Los Alamos National Laboratory, University of
California, Los Alamos, NM 87545

ABSTRACT

This paper presents a new unique microscopic molecular theory for
backbone liquid-crystalline polymers (LCPS), side-chain LCPS, and combined
LCPS fn the nematic (~) and ❑ultiple smectic-A (SA) LC phases and the
isotropic (~) liquid phase. There are no ad hoc or arbitrarily adjustable
parameters in this theory. The agreeme= between rhe theoretical and
experimental values for various thermodynamic and molecular ordering
properties for existing LCPS is very good (relative deviations between 0%
and less than 6.20). This theory has been used by this author to predict
and design (atom by atom, bond by bond) the first super-strong (SS) LCPS.
This paper presents the design of SS mostly-rigid (FIR)LCPS.

INTRODUCTION

Some relatively rigid solidified backbone LCPS (such as Kevlar) have
major uses as stronger, lignt~r-weight replacements for metals, ceramics,
and ocher materials in various structural applications, such as armor
(bulletproof vests, football helmets, military tank armor, etc.) and auto
and airplane parts (belted tire cord, airplane tail sections, etc.).

Solidified SS LCPS are designed to he the first polymers to have good
compressive strengths, as well as to have Lcnsile strengths and tensile
moduli significan~ly greater than existing strong LCPS (such as Kevlar).
SS LCPS are a class of specially-designed combined LCPS in which the
I>ackbone.salign with ~ther backbones while the side chains of different
molecules align with each other in interdigitatcd structures, lending to 311
LC ordering of chc molecules. Thus , the key feature of t.h”.snew class of
1.CPS is three-dimensional (3D) exceptional strength on a microscopic,
molecular level (thus, on a macroscopic ievel) , in contrast to present LCPS
(such as Kevlar) with r,heirlD exceptional strcng[h. While existing strollfi
I.CPS[Ire limlted iIItechnical applications primdrlly to f“ibcrs In woven
f“al)ricsnnd composite matrf.ces, SS LCPS can Le
and I)ulkmaterials from the pure SS LCF (as we
composite mntrix).
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of even earlier highly successful theories presented by this auzhor in
R.efs.7-10 for LC materials.)

In the theory .,. this paper (as in Refs. 3-10), the chemical structure
of each ❑olecule is divided into a sequence of connected sites, where these
sites correspond to small groups of atoms [such as methylene groups] . We
then study the multi-site packing and interactions of the molecules in the
system volume V at given pressure ~ and temperature ~ in =he I liquid
phase, the ~ L~ phase, and various SA LC Fhases.

As in Refs. 3-10, the theory here involves starting with a simple-

cubic (SC) lattice theory and then taking various continuum limits. We
start with a SC lattice theory since any orientation of a molecule or

molecular part or bond can be decomposed into its ~, y, and z components
and ❑appeal directly onto a SC lattice in a manner analogous ~o normal
coordinate analysis in, for example, molecular spectroscopy.

This decomposition and ❑apping onto a SC lattice allows us to tre~t--
in a geometrically transparent and mathematically tractable manner--details
of molecule chemical structure, including features that are essential in
determining the LC ordering of real ❑olecules. A significant number of
these features (such as the flexibility of chains attached to rigid rodlike
sections in LC phases) have not been amenable to treatment by continuum
theories. The Gibbs free energy Q of the system is rninim{zed with respect
to the individual ~, y, and ~ components of the orientations of the long
axes of the rigid rodlike sections of the molecules.

This theory is a localized-mean-field (1.MF)theory. [3-10] UIF means
that there is a specific average neighborhood (of other molecular ~ites and
empty space) ir a given direction i around a given molecular site in a
given local region in the system. ‘These local regiorls can have more than a
random probability to contain specific parts of the molecules, such as
rigid sections or semiflexible sections,

A rigid section is formed by a sequence of conjugated aromatic,
double, and triple bonds in the molecule. ‘l’heoverlap of x orbitals in the
aromatic, double, and triple bonds in the section leads to the rigidity of
the section. A semiflexible section is usually formed by a ~-alkyl chain
section and is partially flexible (semiflexible) since it costs a f!nitc
(but easily achie-~able) energy to make rotations about any carbon-carbon
bond between methylene units in a given chain section. Tk,euet energy
difference between the one trans and either of the two gauche rotational
energy minima is E ,

R
with the gauche states having che tligher energy.

‘l%ecompositi IISof the local regions in this IJIF theory tire
det.crmincd by how [he molecules actually pack and jnteract with lowest G.
The local regions are defined such that there are no edge rffccts (!.c.~
continuity of che individual molecules and of the dnnsity p js preserved

from one region to nnothcr). The fact.that the packing can be rflf-ferent
for tlifforcn~ directions ! Mllows us 10 treat p;lr(l;~lorierltntion,ql
ordrrtl)gnlong n preferred axis. And, the trcnt.rncnt-of IOCJI] rcglons
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3
thermodynamic and molecular ordering variables in the system assume a
continuum of allowtd values.

The partition function Q and the resulting equations for static
thermodynamic and molecular ordering properties are functions of ~, ~, and
details of the molecule chemical structures (including bond lengths and
angles, E , hydrogen bonds, dipole moments,

%
site-site polarizabilities and

Lennard-J nes (12,6) potentials, degree of polymerization dp, and
orientational and ID (5A) positional orderings of the different rigid and
semiflexible parts of ~he molecules. The Lennard-Jones (LJ) potentials are
used to calculate repulsions and London dispersion attractions between
different ❑olecular sites, and the dipole moments and polarizabilities are
used to calculate dipole/dipole and dipole/induced dipole interactions
between different sites. Each interaction in the theory here depends
explicitly on the intramolecular and intermolecular orientational and
positional ordering of the specific ❑olecular sites involved in the
interaction.

There are no ad hoc or arbitrarily adjustable parameters in this
theory. Ail va=ables used in this theory are taken from experimental data
for atoms or small groups of atoms or are calculated in the theory.

The essence of this theory is that we take a test molecule with a
given chemical structure and--given the orientations and positions of the
different parts of (N

T
- 1) other molecules in the system (where Nm + CO)at

a f3jvenE’and z--we ( ) count the number of ways that this test molecule
(with its set of different chain rotational states) can be packed in the
system ~ and (2) sum up the site-site intermolecular interaction energies
and the energies of the chain rotational minima. {1) and (2) together give

us the partition function for the system, In general, (1) gives us the
entropy and PV effects, and (2) gives us the energy; thus, we 9hu3in ~ for
the system.

In practice, we determine the density p and the independent average
orientational and positional order variables for the different parts of the
rnoLecules at a given ~ and ~ by simultaneously solving the PVT equation of
state and the equations that minimize Q with respect to these average
orientational and positional order variables. (These equations are derived
thermodynamically from the partition function, ) The dependent average
order variables and the other thermodynamic properties af the system are
then calculated.

Some of the competing interactions explicitly calculil(.edin Lhis
theory are packing of rigid vs. remiflexible sections, entropic effects
(disorder from different chain rotations and different ways to pack tile.
molecules) vs. energetic eEfects (energies of different chail) rot.atiollal
rninlm.aand of attractive and soft repulsive fclrces), ;Ind repulsive forces
Vs . attractive forces. The p and the orientational and positionu]
orderings are coupled through the intramolecular nnd intermolecular packin~

iii~d {ntcrnctions of the dlffcrent parts of the moleculrs .
DUC I.OIcngth restric~inns OD this paper, Apprndlx A ot” t.htsp:lper

prcsrnls the chnnp,es in the oqu,,t.ions of (he [tieory of Itlispnper f’romll!(’
equut lolls01”earlier versions [3-10] of”fhc [Ilcory, ;Ind IIle compflll I 011

l~f”ftli~;l~.llltllvnlues f“orIho fnpu( vnrjnl)’
t~xilm,pI(’l.(;l).
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t\ppendix B of this p:.per for a comparison of this theory with experiment
for existing backbone LCPS.

PREDICTION AND DESIGN OF FIRST SS HR LCPS

SS LCPS (specially-designed combined LCPS) were first proposed[lzl and
designed by this author in 1983. At the request of the related chemical
synthesis effort at Los Alamos, the author has delayed publication of the
details (in this paper here) of the theoretical pr,~diction and design of
the SS FIRLCPS until the first syntheses were close to completion. This
author has mentioned che theoretical prediction and design of the first SS
LCPS in an earlier publication.[5] In addition, the author has filed a
patent appllcatlon[13] on the details of the theoretical prediction and
design of the first SS LCPS.

The prediction and design (atom by atom, bond by bond) of the molecule
chemical structures of the first SS J.CPSwas accomplished using the theory
presented by this author in this paper and earlier versions of this theory
as presented by this author in other papers[3-10] dating back to 1983,

While the research groups of Ringsdorf[14] and of Arnold[15] have
recently demonstrated the feasibility of chemically synthesizing combined
!.CPS, their LCPS do not have the correct features for SS LCPS (in
~Jarticular, either the side chains are too widely spaced along the

backbone, the side chains and backbones are too flexible, and/or the side

chains are too short for these structures to be SS LCPS).

Essential Keneral and ~eciflc features of SS MR LCPS.. — — —.

Physical interdigitation of side chains of SS MR LCPS—— _— ——

SS LCPS are a class of specially-designed cambined LCPS in which the
backbones align with other backbones, while the side chains of different
molecules aligr:.with each other in physically interdigitated structures.
See Fig. 1.
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Molecule chemical structures for SS MR LCPS——— —

Here are some molecule chemical structures for some of the
theoretically-designed SS MR LCPS studied in this paper:

Backbones:.—

Kevlar-type: b-Kev-1:
.+~’p&3J*p

side
ct)ain

PBT-tvpe: b-PBT: +jm;xxj+,,
side
chain

The backbone b-PBO (i.e. , the PBO-type tackbone) is obtained by
substituting -O- for each -S- in b-PET.

Phenyl-type: b-Ph-y-1: +p+-(a~dp

side
chain

Side Chains:—. —.—

Kqv]~r-like:
0 H O!i o

II I /1 I if
s-Kev-l : (~)- C - N -@- C --N -(~)- C - (;-.backbone

— .- —

0 II H 0
I :1

s K(*v-?: (:)- ~; . i -(”~)- N (: -(+ {! [; I);lckl)olw
.. —- -..

Whrl”o 11(11”(~ (: - -()- , -Nl{-,or -(;1{2-.

y : 1,2

5



PBT-like :

S – backbone

The PBO-like side chains s-PRO-O, s-PBO-1, and s-PBO-2 are obtained by
substituting -O- for each -S- in s-PBT-0, s-PBT-I., and s-PBT-2,
respectively,

Phenyl- like:

s-Ph-y:
(3+(3+ c - backbone

Y

where here G = -O-, -S-, or -CH -m
2

For best mechanical properties (especially tensile strength and
modulus) , the average degree of polymerization dp should be at least 10 or
more and preferably 50 EO 100 or more. As with existing backbone LCPS
(see, for example, Table I in Ref, 3 and Table I in Ref. 4), the
orientational ordering of the backbone (thus, tensile strength and modulus)
of”SS MR LCPS increases as dp increases, reaching the asymptotic region
around dp - 1000. The asymptotic region is being rapidl,y approached wi.~h
dp values ns small as 100 or even 10.

Eldlnncedm~leculnl” ordering and mechanical p)ert.jt?s for SS MR l,CPS..—..—— ....——— — —.-——. -—— ——- ——



for the side chains is defined relative to the preferred axis of ordering
for the side chains, which is ❑ore cr Icss perpendicular to the preferred
axis of ordering for the backbones of these SS MR LCPS.

TABLE 1, Pat~
f

- 300 K, 450 K, and 600 K for the backbones of some
theoretical y-designed SS KR LCPS and for some existing strong backbone
LCPS at P - 1 atm. dp - 1000.

❑olecule 300 K 450 K 600 K

Existing strong backbone LCPS:

Kevlar 0.95619 0.89206 0.81439

PBO 0.97329 0.92349 0.85935

SS MR LCPS:.——

b-Kev-l / s-Kev-l [NH] 0.99918 0.99696 0.99404

b-Kev-l / s-PBT-O 1.00000 1.00000 1.00000

b-PBO / s-PBO-~ 1.00000 1.00000 1.00000

TABLE II. P2at~- 300 K, 450 K, and 600 K for the side chains of some
theoretically-designed SS FIRLCPS at P - 1 atm. dp - 1000,

molecule 300 K 450 K 600 K

b-Kev-l / s-Kev-l [NH] 0.63227 0.61398 0.60474

b-Kev-l / s-PBT-O 0.50663 0.50662 o.5fj662

b-PBO / s-PBO-1 0.50;’94 0.50792 0,50791

The P values in Tables I and II constitute upper bounds (i.e.,
fmaximum va ues) possible for specific molecules at given ~. The better the

processing of the LCP, then the closer one tames to achieving these P2
values . Relatively small changes in P2 are accompanied by much larger
changes in other properties (includj,ng thermodynamic as well as mechanical
properties). (This point is illustrated for backbone LCPS in, for example,
Table I of Ref. 3 and Table I of Ref. 4.)

For the SS FIRLCP b-Kev-l / s-Kev-l [NH] at T - ~450K, the theory of
this paper calculates the following increases--over Kevlar values--foi
mechanical properties: 2?5GPa for tensile strength, 1539 GPa for tensile
modulus , :~nd25 GPa for compressive s~rength. [These increases in
mecl~anicil]properties constitute upper bounds (i.e. , maximum values)
possil;’.eat T - 450 K, The better the processing of the I.CP, t.hell(he
closer one comes to acnieving these values. ] For comparison, here are l.he
expet-lmcIltal rallgcs[16] of “as-processed” values for the hackhone I.(;Ps
Kevl:lr, 1’BT,;inrlPM: 3.5 to 5.8 GPn for tensile st:rcll~th,130 to 36!1t~P#.
f’orl{,flsilrmodulus, ,and().40 t.o().L8 (;l~afur compressive strenp,tn.
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acceptable if they col~tain strong dipolar groups and/cr strong hydrogen-
bonding groups. In theory, the longer the side chain, then the better the
compressive strength could potentially be. However, in practice, the
lengths of side chains longer than about 50 to 60 A will be harder to
orient under dynamic processing conditions.

For an example theoretically-designed SS M.R LCP b-Ph-2-l /
s-Ph-y [CH ],

z
Table 111 shows that the average orientational ordering

values P2 or the backbones and for the side chains increase as the le~gth
of the rigid section in the side chain increases, For the molecule
backbone and side chains in Table III, the backbone repeat unit b-Ph-2-l
has a calculated length of 12.96 A; and the side chain s-Ph-2 [CH2] has a
calculated length of 15.83 A, with each additional phenyl group in the side
chain adding 4.32 A to the calculated length of s-Ph-2 [CH2].

TABLE III. P2 values vs. side-chain y at T - 450 K for the backbones and
for the side chains of b-Ph-2-l / s-Ph-y l~H2] at P - 1 atm. dp - 10!IO.

side-chain y back P2 side P2

2 0.97013 0.54482

3 0.99554 0.58945

4 0.99939 0.63884

For comparison, here are calculated lengths for the backbone repeat
units and side chains in these other theoretically-designed SS LCPS in
Tables I and II: 12.74 A for b-Ke-~-1, and 12.28 A for b-PBO. 20.74 A for
s-Kev-l [NH], 14.89 A for s-PBT-0, and 16.45 A for s-PBO-1.

SpacinR distar.cebetween side chains along backbone

The spacing distance between the side chains along the backbone is a
critical factor in determining compressive strength in SS LCPS. For best
compressive strength, the spacing between two side chains along the
backbone of a molecule should be such that the side chain of another
❑olecule can intcrdigitate between (i.e. , pack between) these two side
chains with separation distances of about 4 to 5 A bttween the centers of
directly adjacent interdigitated side chains. This conclusion is based on
the following:

The spacing between adjacent backbones in backbone LCPS (and between
a~jac.entmolecules in low-molecular-weight LC molecules) is about 4 to 5 A.
a = 4.5 A is the approximate average separation distance between centers
of nearest-neighbor molecule segments at the minimum (thus, at the maximum
attr~cuive dispersion interactions) in the Lennard-Janes (12,6) potential
energy and is calculated from a value of a. - 4 A, which (see the companion
paperlll] k:Jthis author in this s~me Proceedings volume) is an approximate
average value appropriate for methane or benzene molecules, [17] which are
reasonable approximations for the chemical species in typical LC
molecules, )

l’orseparation distances between the centers of adjacent

interdigitated side chains greater than about 6.5 A, the orientational
alignm~nt of the side chains (and thus, compressive stren~th of the LCP)
will decrease as these separation distances increase. If .-Ilespacing

between centers of adjacent side chains becomes too large along the

hackhotle, (he side chains will decrease the orientational or(iering of ttiu

backbones (and thus the tensile strengLtl and tensile modulus), and t.~lcre

Will also I)e no significant incrense iIlcompressive s(.ren~lh as compared to
tliebackbone LCPS.



There can be more than one sid~ chain F?Y backbone repeat unit, as
long as the spacing distance meets the above rsauirements.

For best uniformity in compressive strengck,, the side chains should be
spaced as re~ularly as their points of attachment to the backbone allow, in
order to p~mote regular interdigltction of the side chains on different
molecules (thus promoting uniform compressive strengths on the sub-molecule
level) .

Side chai? interdigitation in sub-molecular strips and on one or both sides.— — —. —— ——
of the backbone——

The side chains of one molecule can interdigitate with the side chains
of a second molecule for a length (sub-molecular strip) along the backbone,
then interdigltate with the side chains of a third backboi~e for another
sub-molecular strip, and so forth. The interdigitatlon of one ❑olecule
with the side chains of several ocher molecules leaas to an effective
lone-range three-dimensional ordering of the side chains ar~dthus to

effective good long-range three-dimensional compressive strergth in the LCP
system. See Fig. 2(a).

El
(b) (c)
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>>>
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FIGURE 2. Schematic diagrams illustrating side-chain interdigitation
(a) with several different molecules in different sub-molecular strips,
(b) on one side of a backbone, and (c) on alternating opposite sides of a
barkbone.

For the calculations reported in Tables I-III in this paper, the side
chains of a molecule interdigitate on one (i.e. , the same) side of the
backbone with the side chains of a neighboring molecule for the following
SS M.RLCPS: b-Kev-L / s-Kev-l [NH] and b-Ph-2-l / s-Ph-y [CH21 (where Y ~

2), See Fig. 2(b). The side chainz of a ❑olecule interdigitate on
alternating sides of the backbone with the side chains of neighboring
molecules for the following SS MR LCPS: b-Kev-l / s-PBT-O and b-PBO /
s-PBO-1. See Fi,g,2(c).

In all the calculations reported in this paper for these SS FIRLCP
‘cules, the side chains pack in a local interdigitated smectic-Al (SA1)
e; this is a SA phase in which the side chains are virtually fully
<digitated and in which there is virtually complete local

one-dimensional positional order of the side chains one with another.

Symmetry of functional ~roups and directional forces in side chains— .— ——

In general, the side chains should be as symmetrical as possible with
regard to the cequences of functional chemical groups from one end of the
side chain to the other end (for example, -A-B-C-D-C-B-A), In order to
obtain ❑aximum overlap (penetration) of interdigitated side chains (thus,



maximized alignment of side chains and therefore, maximized compressive
strength of the LCP). This requirement for symmetry can be relaxed if the
there are stronger forces (such as stronger dipolar and/or hydrogen-bonding
forces) between the side chains when they are interdigitated than when they
are not.

It is easier to align the backbones and side chains in an electric or
magnetic iield if the the backbones and side chains do not both have
longitudinal dipolar forces (i.e., dipolar forces parallel co the long axes
of the backbones or of the side chains) or do not both have transverse
dipolar forces and/or hydrogen bonding. Alignment in such fields is
easiest if the backbone has only longitudinal dipolar forces wnile the side
chains have only transverse dipolar forces and/or hydrogen bonding--or vice
versa- -such that the backbones and side chains can be correctly aligned at
the same time by one uniaxial field.

Attachment of side chains to backbone.— —.

The side chain needs to be attached to the backbone such that there is
no steric hindrance [i.e., the side chain can be fitted (packed) into the
backbone chemical structure at that point]. For backbones containing
benzene rings, there is in general less chance of steric hindrance if a
side chain is attached to a side of a benzene ring rather than to smaller
groups located between these rings in the backbone.

Processing che SS MR LCP is easiest if the functional chemical group
(in the side chain) connecting the side chain to the backbone is a
relatively small group and is connected by only a single bond to the
backbone and by only a single bond to ~he rest cf the side chain. The
small size of this group and the semiflexibilfty of these single-bond
connections will allow the side chain to fold down somewhat--with minimum
steric hinderance-- parallel to the backbone (after the ❑anner of spokes or
ribs of an umbrella) when linear processing (such as flow through a pipe)
of the SS MR LCP is required. See Fig. 3(a).

FIGURE 3. Schematic diagrams
showing (a) the side chains
folded down somewhat in
linear processing and (b) the
side chains folded back out
after processing.

(al (b)

After linear processing is completed, then the side chains can be then
be folded out from the backbone so as to pack more or less perpendicularly
to the backbone such that the LCP molecules align in the three dimensions
(i.e., backbones align parallel to one dimension and the side chains align
in the other two dimensions) as required Uor super-strong mechanical
properties. See Fig. 3(b).

Good connectin~ groups include -O-, -S-, -Nil-,and -CH2-.

Other Chemical Structures for SS LCPS—— —— —

This paper has presented SS FIRLcP3 whose backbones and side chains
contain chemical structures that are primarily variations on (1) chemical
“?ructures in the backbone LCpa lkvlar, PBT, and PBO; and (2) phenyl

structures . It is also possible LO design SS LCP molecul~s whose t)ackt>ones

and side chains contain chemical structures that (1) nre primarilv
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variations on chemical structures in othet backbone LCPS (such as
polyacetylenes, pclyazobenzenes, polyazoxyk-nzenes, polyethers, polyesters,
etc.) and (2) contain short semiflexible sec~ions. Calculations for SS
LCPS containing these types of chemical structures are reported by this
author in later papers.

Processing ~f these SS MR LCPS—— —— —

It is predicted here that existing processing techniques (particularly
~olution) can be used to process the theoretically-designed SS MR LCPS
presented in this paper here. Both unaxial techniques (such as linear
flow; uniaxial ❑echanical stretching; spinning; application of uniaxial
electric or ~agnetic fields to align dipoles, etc. ; and extrusion through a
uniaxial orifice) and multiaxial techniques (such as biaxial mechanical
stretching, as of a film; and application of electric or magnetic fields to
alternate axes of the sample) exist. More development and extension of
exisr.ing processing technologies (especially multiaxial processing methods)
could be dons to ❑ake these technologies even more effective for the SS MR
LCPS here.
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APPENDIX A: THEORY EQUATIONS

Due to length restrictions on this paper, we present here cnly the

changes in the theory of this paper from earlier versions [3-10] of the

theory, The equations in this paper are the same as in earlier pupcrs

[3,6], except for the fril.lowin~,changes. (Variables not defined in this

paper have b?en previously defined in Rof, 3 and 6.) Ilere,n - Ilknk and

‘1 - ~k ~~k, where here k - 1 refers to the packing ~~nd li~~er~tt’(.lui~suf LIW

backbones, k - 2 refers to Lhe packing nnd jntcrnctjolls of ~1plutc-llkc

sectjon of’the sl~~echains of n molecule with t.lie plnte- 1 Ikc sectioIIs (Jt”

the side chains of other molecules, and k - 3 refrrq to r.l~epricking niwl

intrrnctlons of the side-chains with otlwr side chnins IIIt}IoSUMV l)l~ltf’.

(set! FIR. 1.) Each in t~k und E1k Iiast)eenmull iplird I)yxk - mk/oli In:),

wllcrrmk is t.lIc LoUal numhor of soRment:; IIIn t-opont IIIIlt (k - 1) 01- II s~di,

(:hnlrl (k -Iurl). For I)nckhonr I.CPS,ill# O, El, # f),Jllltii)y- ii~- ~i~

- ‘i:)- ‘)’ ]11tlIPCn]cu]nt]ons with this theory fur s[~i(~-t”tlnlIlIX:I’Snll(i

(,(llll])il,l~d[.(:1’%( lll(!lwlin~ Ss I,Ci’s), it tlJl~ t)i’(*11 i(I(III(iltInl [II(1N {III(II



backbones and side chains (i.e., nl#o, n2#0,n3 _ O, E1l ● 0, E12 + 0,

and E13 - O), and the 5A phase for these LCPS is a local SA phase which

involves the packing of side chains within a plate-like section (i.e., ~1 -

02 -O, C13#0, E1l- E12-0, and E13#9).

Here, uyzk-~-~uyzjk, Wherej ‘1 referS tO~ interactions, j ‘2

refers to dipole/induced dipole interactions, j - 3 refers to dipole/dipole

interactions, and j - 4 refers to hydrogen-bonding interactions. Here,

#Dlk2 - ‘i,; PDLki~Dlkj/ ‘i,j’ where one can have the following three cases

depending on the positional order of the ❑olecule parts involved in the

~-type packfng and on the symmetry of the transverse dipoles in the

❑olecule part: sum over (1) all ii pairs and ij pairs (where i + j),

(2) all ii pairs only, or (3) all ij pairs only. Also, wyz&k -

12
4@yzhk[(a~hk/ak) . (aahk/ak)6], where y - z - c,

‘cchl is the absolute

value of the minimum of energy for hydrogen bonding between two “core”

segm~nts in the backbones, and tcch2 and tcch3 are the absolute values of

the minimum of energy for hydrogen bonding between two “core” segments in

the side chains for k - 2 packing and k - 3 packing, respectively. wcc41k

For backbone LCPS, voll/3 - 1.96 A.- ‘cc4lk- (This value led to a good

calculated value of the ~ to ~ transition temperature for the LC PAA.) For

1/3side-chain LCPS and combined LCPS, V03 - 1.96 A.

In addition, the backbones of side-chain LCIJSand combined LCPS use

the equations for backbone LCPS in Ref. 3, with the following exceptions:

1/3 1/3 -
‘o1 - ’02 [2v031/3 + (F1X2) + (m2X1)]/<ml + rep), where Xk - ZLk/4r

1% - a#k’ and aw is length of a segment in the backbone, These equations

reflect the fact that the presence of the bide chains WI 11 incrense the

(!ffective hard-repulsive volume Vol of a oackbone sefiment-in 1 of 4

pos~lble orientations for packing and that tl~cprcscncr of’l~nckhonc!swill

increase the effective hard-i~puisivc volume V02 of IISldc-chnjn se~,mclll.In

1 of 4 possib]c oricntattons for the packing of p]utos of sldc chnln~. For

I -L



For k - 2 packing, the side chains use the equations for s~.dechains

in Ref. 3, with the following exception: 1/3
’02 as given above.

For k - 3 packing, the side chains use the equations for side chains

in Ref. 3, with the following excepzion: The length along the backbone

between side chains is given by a’ ‘~ir~ + f~[(l + 2P2i1)/3]1. a3 - 2a’

for Case !.,a3 - a’ for Case 2, and a3 - a’/2 for Case 3.

APPENDIX B: MORE TEST OF THEORY WITH EXPERIMENT

Here, we show a comparison of this theory with experiment for some
existing backbone LCPS with the following molecule chemical structures:

o

0

1
CH3-0 ~

o
N=N ~ O- CH3

—
Pm:

B1 :

Nl:

L

o 0

Jdp

o
II
c–o-- (CH2)4

+
Jdp

o

—. II
I)DA-9:

+~-O@FN~Nfo}-O “-- ““2)’0 lip
cl{, CHq



TABLE V. Theoretical and experimental P2 f-oran existing backbone LCP and
for PAA at P - 1 atm. ~ is given as a fraction of TN1 for each material.

molecule dp T theor. P* exper. P* exper. ref.

PM 1 ‘-88TNI 0.793 -0.77 21

DDP.-9 9 0.92TN1 0.855 u.iij 22
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